Chorioamnionitis and elevated cord blood inflammatory cytokine concentrations are associated with detectable disturbances of systemic and cerebral hemodynamics in premature newborns. Fifty-five infants (25-31 wk gestation) were enrolled. Chorioamnionitis was defined by placental histology. IL-6, IL-1␤, and tumor necrosis factor-␣ were quantified by ELISA. Blood pressure, heart rate, cardiac output, stroke volume, fractional shortening, and middle cerebral artery blood flow velocities were measured at 3 Ϯ 1 h after birth. Chorioamnionitis was evident in 22 placentas and was associated with increased IL-6 (p Ͻ 0.001), IL-1␤ (p ϭ 0.035), and heart rate (p ϭ 0.027); and with decreased mean and diastolic blood pressure (p ϭ 0.026 and p ϭ 0.019, respectively). IL-6 concentration correlated inversely with systolic, mean, and diastolic blood pressures. Right ventricular cardiac output was elevated (p ϭ 0.028) in infants with fetal vessel inflammation. Maternal temperature Ն38.0°C and newborn immature-to-total white blood cell ratio Ն0.4 were associated with significant decreases in left ventricular fractional shortening (p ϭ 0.001 and p ϭ 0.005, respectively). Neither chorioamnionitis nor elevated cytokine concentrations were associated with changes in middle cerebral artery Doppler blood flow velocities. Chorioamnionitis and elevated cord blood IL-6 concentrations are associated with decreased blood pressure in premature newborns. Inflammation of the fetal vessels and nonspecific indicators of infection are associated with disturbances in cardiac function. Infants with chorioamnionitis and elevated cytokine concentrations do not manifest changes in cerebral Doppler indices within the first few postnatal hours. We speculate that cytokine-associated systemic hemodynamic disturbances in premature infants born after chorioamnionitis predispose such infants to perinatal brain injury. Hemodynamic abnormalities among premature infants are recognized to be important factors in the pathogenesis of perinatal brain injury. For example, IVH is more common in very low birth weight infants with hypotension (1) and fluctuating cerebral blood flow velocities (2). PVL may denote white matter ischemia (3) that results from compromised cerebral blood flow during a critical developmental period in which oligodendroglia undergo myelogenesis (4) in the presence of a tenuous vascular supply (5, 6). In fact, animals at a stage of brain development comparable to the Ͻ32-wk human fetus display a distinct and selective reduction of white matter blood flow in response to hypotension (7), confirming the predisposition for periventricular white matter ischemia at this gestational age.
sociated with changes in middle cerebral artery Doppler blood flow velocities. Chorioamnionitis and elevated cord blood IL-6 concentrations are associated with decreased blood pressure in premature newborns. Inflammation of the fetal vessels and nonspecific indicators of infection are associated with disturbances in cardiac function. Infants with chorioamnionitis and elevated cytokine concentrations do not manifest changes in cerebral Doppler indices within the first few postnatal hours. We speculate that cytokine-associated systemic hemodynamic disturbances in premature infants born after chorioamnionitis predispose such infants to perinatal brain injury. Hemodynamic abnormalities among premature infants are recognized to be important factors in the pathogenesis of perinatal brain injury. For example, IVH is more common in very low birth weight infants with hypotension (1) and fluctuating cerebral blood flow velocities (2) . PVL may denote white matter ischemia (3) that results from compromised cerebral blood flow during a critical developmental period in which oligodendroglia undergo myelogenesis (4) in the presence of a tenuous vascular supply (5, 6) . In fact, animals at a stage of brain development comparable to the Ͻ32-wk human fetus display a distinct and selective reduction of white matter blood flow in response to hypotension (7) , confirming the predisposition for periventricular white matter ischemia at this gestational age.
The ischemia theory of white matter injury has been challenged (8 -11) by the epidemiologic observation that chorioamnionitis is a strong predictor of subsequent PVL (12, 13) and cerebral palsy in both term (14) and preterm (13) infants. Although the mechanism of white matter injury in the context of infection has not been fully elucidated, evidence suggests that the proinflammatory cytokines are involved. IL-6, IL-1␤, and TNF-␣ concentrations are elevated in both amniotic fluid (15) and cord blood (16) of pregnancies complicated by cho-rioamnionitis, and are associated with multiple organ system morbidities among premature infants (17, 18) . The link between IL-6 and PVL is particularly strong (11, 13) .
Cytokines have toxic effects (19) on immature oligodendroglia in vitro that closely resemble, and may explain, the pathologic findings of PVL (20) . If, however, white matter damage results from a hypoxic-ischemic insult in the premature brain, then the known in vivo hemodynamic effects of cytokines may explain their association with PVL. In experimental animals, intravascular cytokine injection produces systemic hypotension (19, 20) and exerts species-specific effects on cerebrovascular tone (21, 22) , potentially altering cerebral blood flow. Furthermore, cytokines can disrupt the blood-brain barrier (23, 24) and produce cerebral edema (25) , thus decreasing cerebral blood flow. The effects of cytokines on the human premature newborn's systemic and cerebral circulations have not been investigated previously.
The present study was designed to explore the association between chorioamnionitis, proinflammatory cytokines, nonspecific markers of inflammation, and hemodynamic function in premature newborns at risk for brain injury. We hypothesized that chorioamnionitis and increased concentrations of the proinflammatory cytokines would be associated with detectable disturbances of systemic hemodynamics and cerebral perfusion, and would thereby suggest a possible mechanism for cytokine-associated brain injury in premature infants.
METHODS
This study was approved by the Institutional Review Board of Magee-Womens Hospital.
Subject enrollment and standard care. Informed consent was obtained prenatally from mothers projected to be delivered at Ͻ32 wk gestation between April 1, 1998, and October 30, 1999. Gestational age assessment was based on either a first trimester ultrasound or the last menstrual period if no early ultrasound was available. Exclusion criteria included congenital anomalies of the brain, heart, or kidneys; intrauterine growth restriction [estimated fetal weight below the third percentile for gestational age, no growth on three serial prenatal ultrasounds, or birth weight Ͻ2 SD below the mean (26) ]; in utero demise of a twin; twin-to-twin transfusion sequence; delivery after 32 wk gestation; and inability to obtain informed consent before delivery. Fifty-five newborns (45 singleton and 10 twin infants) were enrolled.
Maternal-fetal pairs and newborn infants were cared for by physicians not involved in the hemodynamic studies. The use of tocolytic agents, antenatal betamethasone, antibiotics, fluid resuscitation, vasopressors, ventilation, and surfactant administration were at the discretion of the caregivers. No infant received postnatal glucocorticoid or indomethacin before hemodynamic evaluation. Clinical diagnoses and interventions, baseline demographic findings, blood gas values, blood culture results, and nonspecific markers of infection, including maternal and newborn white blood cell counts, maternal temperature, and newborn immature-total white blood cell ratio, were recorded from the medical record after the hemodynamic study was completed.
Cytokine assays. After delivery of the placenta, 1-5 mL of cord blood was collected in a Vacutainer tube (BD, Franklin Lakes, NJ) containing the anticoagulant EDTA. The sample was centrifuged at 3000 g for 10 min to separate the plasma. Within 1 h of collection, plasma samples were labeled with a coded subject number and stored at Ϫ80°C in several 0.5-mL aliquots. Samples did not undergo freeze-thaw cycles, and were stored for up to 12 mo before cytokine testing occurred in two batches. IL-6, IL-1␤, and TNF-␣ concentrations were measured (J.J.) by ELISA (R&D Systems, Minneapolis, MN, U.S.A.). Each cytokine sample was run in duplicate, and the mean cytokine concentration calculated. Assay sensitivities were Ͻ0.07 pg/mL for IL-6, Ͻ1.0 pg/mL for IL-1␤, and 4.4 pg/mL for TNF-␣. The published (R&D Systems) intra-and interassay coefficients of variation averaged, respectively, 2.6 and 4.5 for IL-6, 4.8 and 5.6 for IL-1␤, and 4.7 and 5.8 for TNF-␣.
Definition of chorioamnionitis. Chorioamnionitis was defined by pathologic criteria because infection has been identified frequently by placental histology in women who deliver preterm without clinical signs of chorioamnionitis (15, 27) . Chorioamnionitis was diagnosed when Ͼ10 neutrophils per high-power field were present in the chorion or amnion of routine hematoxylin and eosin stained sections of membrane rolls and umbilical cords. Chorioamnionitis was further categorized by the presence or absence of fetal vessel inflammation, defined as fetal vasculitis and/or funisitis. Fetal vasculitis was diagnosed by infiltration of neutrophils into the fetal chorionic stem vessels, and funisitis by the infiltration of neutrophils into the umbilical vessels and cord.
Hemodynamic examination. Hemodynamic evaluations were performed when infants were 2-4 h old. Infants were examined supine on an open warmer in the neonatal intensive care unit with the ultrasound gel warmed to near body temperature. Because not all infants had indwelling arterial catheters and oscillometric mean blood pressure has been shown to correlate well with intra-arterial mean blood pressure (26) , oscillometric blood pressure (Dynamap, Critikon, Tampa, FL, U.S.A.) was measured for all infants. Inspired oxygen concentration was adjusted to maintain pulse-oximeter saturations between 92% and 98% during the examination.
Hemodynamic studies were performed on a Hewlett Packard SONOS 2000 echocardiograph (Andover, MA, U.S.A.) using the 7.5-mHz transducer for tissue imaging and 5.0 mHz for Doppler recording. Measurements were made in the following order: left and then right middle cerebral artery blood flow velocities, left and then right ventricular cardiac outputs, stroke volume, left ventricular fractional shortening, and ductus arteriosus patency. Heart rate and blood pressure were recorded immediately after each cerebral vessel Doppler recording. All studies were performed by a single investigator (T.Y.) who was unaware of the maternal and infant clinical histories. The intraobserver variability was 2.6% for mean cerebral blood flow velocity, 5.8% for peak systolic blood flow velocity, 8.0% for cardiac output, and 9.8% for fractional shortening.
Middle cerebral artery measurements were made just distal to the origin of the artery from the circle of Willis, with the transducer perpendicular to the pterion of the temporal bone.
HEMODYNAMICS AND CYTOKINES IN NEONATES
Color flow mapping was used to identify the artery and pulsed wave Doppler applied to determine blood flow velocity. Peak systolic, mean, and end-diastolic blood flow velocity measurements were each averaged over five consecutive waves in the area of highest velocity. Relative vascular resistance was estimated by mean arterial blood pressure divided by mean blood flow velocity (28) .
Left and right ventricular cardiac outputs were measured from the suprasternal notch and a left parasternal short axis view, respectively, with the flow volume sampled in the middle of the outflow tract at the level of the valve leaflet insertion. Velocity waveforms were considered optimal when the leaflet signal was visible on both sides of the waveform and the characteristic sound of the Doppler signal was loudest. The internal diameter of the valve annulus was measured from the tissue image at the point of maximal valve leaflet separation. Average cardiac output (milliliters per minute) was calculated from five cardiac cycles. Left ventricular fractional shortening was determined by M-mode from the left parasternal short axis view at a level just below the mitral valve. Ductus arteriosus patency and direction of flow were determined by color flow mapping and confirmed by continuous wave Doppler. Statistical analysis. Sample size was calculated to enable detection of a 75 mL/min difference in cardiac output, a 5% difference in fractional shortening, or a 5 cm/s difference in mean middle cerebral artery blood flow velocity between infants with and without chorioamnionitis with 90% power and an ␣ error of 0.05. Hemodynamic measures were assumed to be normally distributed and continuous. Unpaired t test was used to analyze the effects of chorioamnionitis on hemodynamic variables. The nonparametric Kruskal-Wallis test was used to assess differences where the group sizes were unbalanced. ANOVA with Tukey's post hoc test was used when comparisons among three groups were made. Fisher's exact test was used for comparisons of dichotomous variables. Univariate relationships between continuous variables were assessed by Pearson's correlation. Multiple linear or logistic regression was used to determine predictors of blood pressure, IVH, and white matter injury, as appropriate.
Concentrations of IL-6, IL-1␤, and TNF-␣ were expected to follow a non-normal distribution. Logarithmic transformation was used to normalize cytokine concentrations before parametric analysis. Cytokine data were dichotomized as detectable versus nondetectable for categorical analyses. In categorical analyses of maternal fever and the newborn immature-to-total white blood cell count (I/T ratio), cut-off points of 38°C and 0.4, respectively, were chosen a priori to identify the mothers and infants with the highest degrees of systemic inflammatory response. Statistical analyses were completed using MINITAB for Windows, Release 12.23 (Minitab, State College, PA, U.S.A.) and Stata 6.0 (Stata, College Station, TX, U.S.A.).
RESULTS

Clinical Features of the Study Population
Twenty-two infants had histologic evidence of chorioamnionitis. Eleven of these had fetal vessel inflammation. No placenta had fetal vessel inflammation in the absence of chorioamnionitis. Infants with and without chorioamnionitis had similar demographic characteristics (Table 1) , Apgar scores (median at 1 and 5 min: 7 and 8 versus 6 and 9, respectively, for infants with chorioamnionitis versus without), antenatal steroid exposure [median (range): 2 (1-6) doses for each group], incidence of respiratory distress syndrome (50% versus 55%), need for respiratory support, and blood gas values (Table 1) .
Risk factors for and laboratory signs of infection are shown in Table 2 . As indicated in Table 2 , the clinical diagnosis of chorioamnionitis was made infrequently, and at similar rates for mothers with and without pathologically confirmed chorioamnionitis. Mothers with histologic evidence of chorioamnionitis had higher temperatures ( Table 2 , p ϭ 0.011) and higher white blood cell counts ( Table 2 , p ϭ 0.045) than did mothers without chorioamnionitis. Infants with chorioamnionitis had significantly higher immature-to-total neutrophil ratios than did infants without chorioamnionitis ( Table 2 , p ϭ 0.021). Infants with fetal vessel inflammation had higher I/T ratios than infants without fetal vessel inflammation (median 0.33 versus 0.06, p ϭ 0.002). All fifty-five infants had a negative blood culture upon admission to the neonatal intensive care unit.
Cytokines
Relationship between chorioamnionitis and cytokine concentrations. Cord blood collection from 36 placentas (17 with chorioamnionitis) yielded sufficient plasma for IL-6 and IL-1␤ analysis. TNF-␣ assays were performed for 34 of these. IL-6 was detectable in all plasma samples. The median concentration of IL-6 was significantly higher in infants with than without chorioamnionitis (Fig. 1, p Ͻ 0.001) . Cord blood IL-6 concentrations were Ͼ25 pg/mL for 15/17 infants with cho- rioamnionitis, and were Ͻ25 pg/mL for 18/19 infants without chorioamnionitis. Thus, a cord blood IL-6 Ͼ25 pg/mL predicted the presence of chorioamnionitis with a sensitivity of 88.0%, a specificity of 94.7%, a positive predictive value of 93.8%, and a negative predictive value of 90.0%. IL-1␤ was detectable in cord blood from five infants, all of whom had chorioamnionitis (chorioamnionitis versus no chorioamnionitis, p ϭ 0.035), and all of whom had an IL-6 concentration of Ͼ25 pg/mL (median 79 pg/mL, range 41-383 pg/mL). TNF-␣ was detectable in the cord blood of 11 infants, 8 of whom had chorioamnionitis. Neither the ability to detect TNF-␣ nor the TNF-␣ concentration could distinguish infants with chorioamnionitis from infants without chorioamnionitis.
Relationship between fetal vessel inflammation and cytokine concentrations. Fetal vessel inflammation was present in the placentas from 7 of the 36 infants for whom cord blood analysis was performed. Infants with fetal vessel inflammation had higher concentrations of IL-6 [median (range): 69 (41-
have detectable concentrations of IL-1␤ (n ϭ 3/7 versus 2/29, p ϭ 0.04) than were infants without fetal vessel inflammation. However, TNF-␣ was detected at similar frequencies in infants with as without fetal vessel inflammation.
Hemodynamic Variables
Relationship between chorioamnionitis and hemodynamic variables. Heart rate was higher in infants with chorioamnionitis than in infants without chorioamnionitis (153 Ϯ 13 versus 145 Ϯ 13, respectively; p ϭ 0.027). Mean and diastolic blood pressures (Fig. 2, p ϭ 0.026 and p ϭ 0.019, respectively) were lower in infants with than without chorioamnionitis. Systolic blood pressure and pulse pressure did not differ between groups. There was no difference in frequency or direction of ductus arteriosus shunt between infants with chorioamnionitis (absent: n ϭ 1; left-to-right: n ϭ 21) and without chorioamnionitis (absent: n ϭ 1; bidirectional: n ϭ 4; left-to-right: n ϭ 28). Right and left middle cerebral artery systolic, mean, and end-diastolic blood flow velocities, cerebral relative vascular resistance, right and left ventricular cardiac outputs, stroke volume, and fractional shortening did not differ between infants with or without chorioamnionitis.
Relationship between fetal vessel inflammation and hemodynamic variables. Infants with fetal vessel inflammation had significantly higher right ventricular cardiac output than infants without fetal vessel inflammation (Fig. 3, p ϭ 0.028) . No other differences in cardiac function, blood pressure, or cerebral Doppler indices were found in this subgroup.
Relationship between cytokine concentrations and hemodynamic variables. IL-6 concentrations correlated inversely with systolic (R 2 ϭ 0.17, p Ͻ 0.01), mean ( Fig. 4 ; R 2 ϭ 0.21, p Ͻ 0.01), and diastolic (R 2 ϭ 0.22, p Ͻ 0.01) blood pressures. IL-6 concentration did not correlate with middle cerebral artery peak systolic, mean, or end-diastolic blood flow velocities, cerebral relative vascular resistance, or with any measure of cardiac function. Furthermore, IL-1␤ and TNF-␣ concentrations did not correlate with any measured hemodynamic variable.
Relationship among nonspecific markers of inflammation, cytokine concentrations, and hemodynamic variables. New- Stepwise multiple linear regression was performed on factors that might influence systemic blood pressure including gestational age, number of doses of antenatal steroid received, pH, hematocrit, and cytokine concentrations. Whereas gestational age and IL-6 concentration were independent predictors of systolic blood pressure, IL-6 concentration was the only significant predictor of mean and diastolic blood pressures.
Cranial Ultrasound Findings
Five infants were found to have IVH of grade II (n ϭ 4) or III (n ϭ 1). No infant experienced a parenchymal hemorrhage [Papile grade IV IVH (29)]. Grades II-III IVH occurred more often (p ϭ 0.002) in infants whose placentas had evidence of fetal vessel inflammation (n ϭ 4/11) than in infants who had chorioamnionitis without fetal vessel inflammation (n ϭ 0/11) or who did not have chorioamnionitis (n ϭ 1/33).
Cystic PVL was observed on the initial ultrasound of two infants and on the d 14 ultrasound of a third. Ventriculomegaly was present in six infants on d 14, including both infants with initial PVL. The incidences of any white matter injury (PVL and/or ventriculomegaly) were similar between infants with and without chorioamnionitis, and between infants with and without fetal vessel inflammation. Ventriculomegaly was observed more often among infants whose I/T ratio was elevated (n ϭ 3/6 infants with I/T Ն0.4 versus 3/49 with I/T ratio Ͻ0.4, p ϭ 0.013).
Cord blood was available for two of the five infants with IVH and for all three infants with PVL. All infants with either IVH or PVL for whom cytokine analysis was performed had an IL-6 Ͼ25 pg/mL [median (range): 36 (27-62) pg/mL]. However, statistical analysis could not be performed because of the small sample size.
No relationships were observed between middle cerebral artery blood flow velocities and cranial ultrasound findings. In regression models to determine the influence of gestational age, left ventricular fractional shortening, mean arterial blood pressure, and elevated newborn I/T ratio on the risk of IVH, PVL or ventriculomegaly, elevated I/T ratio was the strongest predictor of all three brain lesions.
DISCUSSION
This study was designed to explore the relationship between chorioamnionitis, cord blood cytokine concentrations, and noninvasive indices of hemodynamic function in premature infants at risk for brain injury. Our findings support the hypothesis that chorioamnionitis and elevated plasma concentrations of the proinflammatory cytokines are associated with hemodynamic disturbances among preterm infants.
We found the following: 1. Chorioamnionitis was associated with increased IL-6 and IL-1␤ concentrations in cord blood.
2. Chorioamnionitis was associated with increased newborn heart rate and with decreased mean and diastolic blood pressures.
3. Cord blood IL-6 concentration correlated inversely with newborn systolic, mean, and diastolic blood pressures.
4. Infants with fetal vessel inflammation had higher IL-6 concentrations, were more likely to have elevated IL-1␤, and displayed increased right ventricular cardiac output when compared with infants without fetal vessel inflammation.
Our findings are consistent with those of Yoon et al., who have described elevated IL-6 concentrations in cord blood of infants whose placentas manifest chorioamnionitis (16) and funisitis (30) . We found that a cord blood IL-6 concentration above 25 pg/mL was a sensitive and specific predictor of chorioamnionitis. IL-1␤ was detected infrequently, but was always associated with both inflammatory changes in the placenta and an IL-6 concentration Ͼ25 pg/mL. TNF-␣ was detected sporadically and was not associated with chorioam- nionitis. It is possible that IL-1␤ and TNF-␣ concentrations were below the limits of our assay sensitivity for many infants, or that breakdown of protein occurred during processing and sample storage. More likely, IL-6 was most consistently assayable because peak concentrations of IL-6 are reached later and last longer than those of the other proinflammatory cytokines (31, 32) .
The correlation between cord blood cytokine concentrations and altered hemodynamic function in premature newborns is novel. Although no infant in our study had either a positive blood culture or a diagnosis of septic shock, we were able to demonstrate a strong inverse relationship between IL-6 concentration and blood pressure. The decreased blood pressure and increased cardiac output in infants with placental inflammation suggest that systemic vascular resistance was lower in infants born after chorioamnionitis. When the ductus arteriosus is closed, relative vascular resistance can be calculated as systemic blood pressure divided by left ventricular cardiac output. However, when shunting through the ductus arteriosus is present, left ventricular cardiac output overestimates systemic flow, precluding such calculation. We could not analyze the effects of chorioamnionitis on systemic relative vascular resistance because only two infants had a closed ductus arteriosus at the time of evaluation (2-4 h after birth).
Cytokines have both direct and indirect effects on vascular smooth muscle tone that can explain the mechanism of cytokine-associated hypotension. TNF-␣ acts directly on vascular smooth muscle, producing smooth muscle relaxation and hypotension (33) . TNF-␣ and IL-1␤ act indirectly by increasing vascular endothelial production of prostacyclin (33) and nitric oxide (34, 35) . Although IL-6 has been associated with hypotension in adults (36) , our review of the literature did not support a mechanistic role for IL-6 in this process. Because IL-6 is induced by and has a longer half-life than IL-1␤ and TNF-␣ (31, 32) , the relationship between IL-6 and hypotension may represent a temporal, rather than causal, association.
We were unable to demonstrate changes in cerebral blood flow velocities in infants born after chorioamnionitis. Infants with and without chorioamnionitis did not differ with respect to physiologic variables that have been shown to alter cerebral perfusion or disrupt cerebral autoregulation, including acidosis (37) and hypoxia (38) . It is possible that global cerebral blood flow was indeed affected by the presence of chorioamnionitis, but that this change could not be detected by Doppler blood flow velocities measured at one point in time. Continuous rather than intermittent monitoring of cerebral blood flow velocities might have revealed either episodic decreases in cerebral perfusion, loss of cerebral autoregulation (2, 39) or abnormalities in the normal pattern of maturational change of middle cerebral artery blood flow velocity (40) among the infants born after chorioamnionitis.
Despite the novel findings of this study, we had anticipated finding greater differences between the hemodynamic profiles of infants with and without chorioamnionitis. The inability to detect such differences may be related to the relative stability of our subject population or the limited period of observation. Because our study design required prenatal consent for the collection of specimens at delivery, we may have missed maternal-fetal pairs with the highest grades of chorioamnionitis who would tend to deliver shortly after presentation and before consent could be obtained. The physiologic similarity (Table 1) between infants born to mothers with and without chorioamnionitis supports our premise that the combined cohort represented a relatively healthy subset of the low birth weight population. Furthermore, all study infants had received antenatal steroids. Although we found no differences in hemodynamic measures among infants who received single versus multiple doses of antenatal steroid [current study (data not shown) and (40) ], it remains possible that the glucocorticoid lessens hemodynamic disturbances in the newborn by reducing the production of inflammatory mediators. Additional studies performed on infants born to mothers with acutely symptomatic chorioamnionitis, who did not benefit from the positive effects of antenatal steroid administration on cardiac function (41, 42) , might better distinguish the hemodynamic effects of chorioamnionitis.
Nonetheless, the findings of this study provide insight into the mechanism of infection-associated brain injury among premature infants. Both hypotension (1, 43) and placental inflammation (11) have been reported to increase the risk of IVH among premature infants. We found that the likelihood of IVH was increased only among infants whose placentas manifest fetal vessel inflammation. In these newborns, inflammation of the fetal chorionic stem vessels and umbilical cord may reflect a generalized vasculitis affecting both the systemic and the cerebral blood vessels, thereby increasing the propensity for both hypotension and IVH.
Both hypoxia-ischemia (3) and inflammation (11-13) have been implicated in the pathogenesis of cystic PVL. PVL might develop in the hypotensive premature infant if coincident hypoxia (38) and/or acidosis (37) result in loss of autoregulation and thus reduced cerebral blood flow. Our study confirms that chorioamnionitis is associated with reduced blood pressure among premature infants, providing at least one significant risk factor for brain injury. We could not confirm the previously described (13) relationship between cord blood IL-6 concentrations and cystic PVL. This is likely related to statistical power because the sample size was small and cystic PVL is rare, occurring in 3% to 8% of low birth weight infants (12, 44) . Furthermore, the cysts characteristic of PVL on ultrasound are transient in nature, and may have been apparent in additional infants with more frequent neuroimaging.
Until cytokine analysis is routinely available, the newborn immature-to-total white blood cell ratio may prove to be a practical screening test for the identification of premature infants at risk for hemodynamic disturbances and brain injury. The I/T ratio is available for all infants as an integral part of routine laboratory evaluation. We found that the I/T ratio correlated positively with cord blood IL-6, IL-1␤, and TNF-␣ concentrations and inversely with systolic, mean, and diastolic blood pressures. Infants with I/T ratios above 0.4 demonstrated poor cardiac contractility. In regression analysis, an elevated I/T ratio was the strongest predictor of both IVH and ventriculomegaly. This is noteworthy because ventriculomegaly may indicate diffuse white matter injury (45) and may be as important as cystic PVL in predicting subsequent handicap (45, 46) .
315
In conclusion, we found that histologic evidence of chorioamnionitis was associated with elevated cord blood IL-6 and IL-1␤ concentrations, increased newborn heart rate, and decreased blood pressure. Cord blood IL-6 concentration was the most sensitive and specific plasma marker of chorioamnionitis, and the strongest predictor of newborn blood pressure. Nonspecific indicators of infection, including maternal fever and elevated newborn immature-to-total white blood cell count, were associated with decreased left ventricular function. Thus, our study supports the hypothesis that hemodynamic alterations accompany the inflammatory response syndrome of newborn premature infants when pregnancy is complicated by chorioamnionitis. We speculate that systemic cytokines produce hypotension in these very low birth weight infants. We further speculate that the risk of brain injury is increased in premature infants born after chorioamnionitis when the systemic vasculitis is accompanied by cerebrovascular inflammation.
